Objective: To evaluate the association of snacking between main meals with the risk of developing metabolic syndrome. Design: A dynamic prospective cohort study (the SUN Project; Seguimiento Universidad de Navarra). Snack consumption was evaluated using the question: 'Do you have the habit of snacking between main meals?' Metabolic syndrome was defined according to the updated harmonizing criteria. We estimated multivariable-adjusted relative risks (RR) of metabolic syndrome and their 95 % confidence intervals using Poisson regression models. An exploratory factor analysis was also used to identify patterns of snacking. Setting: University of Navarra, Spain. Subjects: The study included 6851 university graduates, initially free of metabolic syndrome, and followed-up them for a median of 8·3 years. Results: Among our participants, 34·6 % reported usual snacking between main meals. The cumulative incidence of metabolic syndrome was 5·1 % (9·5 % among men and 2·8 % among women). Snacking between main meals was significantly associated with higher risk for developing metabolic syndrome after multivariable adjustment (RR = 1·44; 95 % CI 1·18, 1·77). Higher adherence to an 'unhealthy snacking pattern' was also independently associated with increased incidence of metabolic syndrome (fourth quartile of adherence compared with non-snacking: RR = 1·68; 95 % CI 1·23, 2·29; P for trend <0·001). Conclusions: Our findings suggest that avoidance of snacking between main meals can be included among the preventive approaches to reduce the risk of metabolic syndrome development, especially when snacks contain foods of poor nutritional quality.
Metabolic syndrome (MetS) is characterized by the clustering of abdominal obesity, dyslipidaemia, hyperinsulinaemia, impaired fasting glucose and high blood pressure, and its prevalence is over 20 % in adult populations around the world (1) (2) (3) . Besides its high prevalence, MetS is strongly associated with non-communicable diseases, such as type 2 diabetes and CVD, which are among the main public health concerns worldwide (4) . Therefore, investigation of the factors potentially associated with the development of MetS is fundamental for the primary prevention of type 2 diabetes and CVD. In this context, unhealthy eating habits are considered to be modifiable determinants of MetS (5, 6) . Snack consumption has recently been highlighted as one of these potential unhealthy eating habits (7) (8) (9) . The frequency of snack consumption is relatively high, especially among populations from Western countries (10) .
Although there are some studies that have shown an association between snacking and obesity (7, (10) (11) (12) , the relationship of this eating habit with MetS is not well established. To the best of our knowledge, only three cross-sectional studies and one longitudinal study have explored this hypothesis so far. Their findings are inconsistent. The longitudinal study was conducted with 1466 adults in Tehran (Iran) and reported that higher consumption of energy-dense snacks was associated with an elevated risk of MetS after 3 years of follow-up (13) . Similar results were observed in a cross-sectional study conducted among 5682 adults in Australia, where snack consumption was independently associated with a higher prevalence of MetS and its components in women (14) . On the other hand, no relationship was found between snack consumption and MetS in the two other cross-sectional studies (15, 16) .
Thus, we aimed to longitudinally evaluate the association of snacking between main meals with the risk of MetS in large Mediterranean cohort with a prolonged follow-up.
Methods

Design
The SUN Project (Seguimiento Universidad de Navarra; University of Navarra Follow-up) is a dynamic prospective cohort study with permanently open recruitment, conducted in Spain among university graduates since December 1999. Additional details on its objectives, design and methods have been previously published elsewhere (17, 18) .
Information is gathered by mailed or emailed questionnaires collected biennially. After baseline assessment (Q_0), participants received a follow-up questionnaire every 2 years to evaluate changes in lifestyle and healthrelated behaviours, anthropometric measures, incident diseases and medical conditions.
Participants
The present study was conducted in June 2013, and to warrant a minimum follow-up of 6 years, all participants who had answered their first questionnaire before October 2006 and were free of any MetS-specific definition criterion or diabetes at baseline were considered eligible (n 11 950). Out of this sample, we excluded individuals reporting extremely low or high total energy intake values (<3347 kJ/d (<800 kcal/d) in men and <2092 kJ/d (<500 kcal/d) in women; >16 736 kJ/d (>4000 kcal/d) in men and >14 644 kJ/d (>3500 kcal/d) in women) (19) (n 1092); individuals who had not answered any of the follow-up questionnaires (n 544); and those who failed to reply to both the 6-year (Q_6) and 8-year (Q_8) follow-up questionnaires (n 1291), when each MetS criterion was collected. Additionally, we also excluded individuals who had missing information on MetS components at the baseline questionnaire (n 1039) and those with more than nine items missing in the FFQ (n 1133). Thus, a total of 6851 participants were included in the final analyses ( Fig. 1 ).
The study was conducted according to the guidelines laid down in the Declaration of Helsinki and all procedures involving human subjects were approved by the Institutional Review Board of the University of Navarra. Voluntary completion of the baseline questionnaire was considered to imply informed consent.
Exposure assessment: snacking between main meals
We evaluated usual snack consumption using the following question included in the baseline questionnaire (Q_0): 'Do you have the habit of snacking between main meals?' The participants were classified into two categories according to their yes or no response.
We did not provide participants a specific definition of what we were meaning when we said 'main meals'. Nevertheless, we feel that, because of specific cultural reasons deeply rooted in Spain, this is not a problem at all in our study. Although the Spanish Society of Community Nutrition recommends eating five times per day and considers the mid-morning and mid-afternoon snacks as part of the regular daily intake (20) , in Spain almost 100 % of the general population will always understand without hesitation that 'main meals' include only three meals: breakfast, lunch (the largest meal, eaten at about 14.00 hours) and dinner (usually eaten at about 21.00 hours) (20) . As a consequence of this cultural norm, when we evaluated the meaning of the between-meal snacking question among a sub-sample of the cohort (n 53), 85 % of them considered snacking as an unstructured eating event. All of them defined snacking as small bites of chocolates, candies, savoury snacks, bakery products and processed meat eaten at any irregular time between the main three meals. One hundred per cent of interviewed participants assumed that the main meals were only three: namely breakfast, lunch and dinner. Furthermore, 89 % of them did not include any typical and scheduled mid-morning or mid-afternoon meal in their concept of snacking (7) .
Despite the understanding of a sub-sample of our cohort that defined snacking as an irregular consumption of unhealthy products between the main meals (7) , in the present study we conducted an exploratory factor analysis to identify snacking patterns among participants who reported snacking between main meals. The rationale for this procedure was that another important aspect to be analysed in the field of snack consumption and chronic diseases is the type of snack chosen. Individuals can choose for snacking healthy products such as fruit and nuts, or unhealthy products like industrial bakery products and sweets.
In this exploratory factor analysis (principal component analysis, with no rotation), we considered thirty-seven potential snacking foods, presented in our 136-item semiquantitative FFQ, as candidate variables to be included in the extracted factors. This FFQ was previously validated in Spain (21) . The selection of these thirty-seven items was based on the meaning of 'snack food' among a sub-sample of our cohort (n 53) (7) . We retained the first two of the eleven factors with eigenvalue >1·00 (1·02-3·37) based on the interpretability and usefulness of the factors. The first factor explained 9·1 % of the variance, included ten food items and was characterized by the presence of fruits (orange, apple, strawberry, peach, cherry, fig, melon, watermelon, grape and kiwi); hereinafter termed 'healthy snacking pattern' (factor loadings between 0·37 and 0·70). The second factor explained 6·5 % of the variance, included twelve food items and was characterized by the presence of processed meat products, industrial bakery products and other processed foods like French fries, pizza and fruit syrup; hereinafter labelled as 'unhealthy snacking pattern' (factor loadings between 0·30 and 0·46). Adherence to the 'healthy snacking pattern' or 'unhealthy snacking pattern' was categorized into quartiles.
Outcome assessment: metabolic syndrome and its components MetS was defined according to the International Diabetes Federation and American Heart Association/National Heart, Lung, and Blood Institute harmonizing definition (22) . MetS diagnosis required at least three out of the following five criteria: (i) central adiposity (≥94 cm for men and ≥80 cm for women, cut-off points for European populations); (ii) elevated TAG (≥150 mg/dl or presence of pharmacological treatment for hypertriacylglycerolaemia); (iii) reduced HDL-cholesterol (<40 mg/dl for men and <50 mg/dl for women or presence of pharmacological treatment for reduced HDL-cholesterol); (iv) elevated blood pressure (systolic ≥130 mmHg and/or diastolic ≥85 mmHg or presence of pharmacological treatment for hypertension in patients with a history of this disease); and (v) impaired glucose metabolism (≥100 mg/ dl or pharmacological treatment for hyperglycaemia).
In Q_6 and Q_8 follow-up questionnaires, self-reported information on these MetS criteria was collected. Waist circumference was measured in a horizontal plane, midway between the inferior margin of the ribs and the superior border of the iliac crest. All participants were sent a tape measure with Q_6 and Q_8 follow-up questionnaires, together with an explanation on how to measure their waist (23) .
The validation of the self-reported MetS components was assessed in a specific study within a sub-sample of 287 participants. Significant intra-class correlation coefficients (P < 0·001), in the range of 0·5 to 0·9, were found between self-reported MetS components and their direct assessments by an experienced physician (24) . between self-reported diagnosis of MetS and MetS diagnosed by the medical records of the participants (25) . An incident case of MetS was defined when a participant, free of this condition at baseline, met three or more of these components after 6 or 8 years of follow-up (i.e. in either the Q_6 or the Q_8 follow-up questionnaire) (22) .
Potential confounding factors
We considered a wide array of characteristics inquired at the baseline questionnaire as potential confounding factors and adjusted our analysis for them: (i) sociodemographic variables, i.e. sex, age, educational level (technical/nongraduated, graduated, master/doctoral) and marital status (single, married, other: widowed, divorced, cohabiting); (ii) lifestyle and health-related behaviours, i.e. smoking status (never, current, former), physical activity (quartiles of MET h/week, where MET is metabolic equivalents of task) and time spent viewing television (h/d); and (iii) dietary habits, i.e. consumption of a special diet (vegetarian diet, hypocaloric diet, diet to control lactose intolerance or diet to prevent food allergy), eating away-from-home meals (never to 1-3 times/ month, 1 time/week, ≥2 times/week) and Mediterranean diet adherence (0-2 = low, 3-5 = intermediate, 6-9 = high) (26) .
Apart from total energy intake (kJ/d), changes of at least 1 kg in weight over the last 5 years prior to the study (no change, lost, gained) and baseline BMI (kg/m 2 ) could be intermediate factors in the relationship between snacking consumption and MetS, so we included them in some sensitivity analyses.
Dietary habits were assessed using a 136-item semiquantitative FFQ, previously validated in Spain (21) .
Leisure-time physical activity was collected through a validated questionnaire that included information about seventeen activities such as walking, running, cycling, swimming, judo, soccer, skiing or sailing. This questionnaire was previously validated by our group using a triaxial accelerometer as a gold standard. Physical activity during leisure time (estimated as MET h/week) derived from the questionnaire moderately correlated with kcal/d assessed through the accelerometer (27) .
BMI, defined as weight (in kilograms) divided by height 2 (in metres), was ascertained at the baseline questionnaire. The validity of self-reported weight was assessed in a sub-sample of the cohort. The mean relative error in self-reported weight was 1·5 %. The correlation coefficient between measured and self-reported weight was 0·99 (95 % CI 0·98, 0·99) (28) .
Statistical analyses
To avoid substantial biases and the exclusion of a significant number of participants because they had missing values in the two components of MetS, HDL-cholesterol and TAG levels, at 6-year and/or 8-year follow-up questionnaires and in television watching at the baseline questionnaire, we used a multiple imputation approach to handle missing values. The number of missing values that were imputed with multiple imputations at baseline was 945 for television watching, and at 6-year and 8-year follow-up they were 3103 and 2269 for HDL-cholesterol and 1844 and 1798 for TAG, respectively. This statistical technique, which tries to overcome the problem that the single imputed values are not actually observed but predicted values, and attributes the most probable value, therefore overestimates the precision and distorts the distribution of the data (29) . Instead of a single (most likely) value, twenty values were sampled from an estimated uniform distribution (also taking into account baseline values of sex, age, educational level, marital status, smoking status, alcohol consumption, physical activity, total energy intake, Mediterranean diet adherence and baseline BMI as predictors of the missing value). We imputed their values to 4899 participants who had missing values in HDL-cholesterol and/or TAG and/or time watching television, adding a random term. Hence, twenty data sets with imputed outcomes were created, generating twenty possible values for these variables.
Poisson regression models were fitted to assess the relationship among snacking between main meals and the incidence of MetS. Relative risks (RR) and their 95 % confidence intervals were estimated using as the reference category those participants who did not report snacking between main meals. The results were pooled using standard techniques for multiple imputation that take into account the variation between multiple imputed data sets (29) .
A first model included only age and sex as covariates (model 1). We fitted a second model additionally adjusting for educational level, marital status, Mediterranean diet adherence, eating away-from-home meals, smoking, physical activity and television watching (model 2). We also fitted a third model, adjusting for the same variables used in model 2, and adding changes of at least 1 kg in weight over the last 5 years prior to study inception and baseline BMI (model 3). Finally, we fitted a last model, adjusting for the same variables as in model 3, but adding also total energy intake (model 4).
Then we fitted multivariable Poisson regression models across quartiles of adherence to the 'healthy snacking pattern' and adherence to the 'unhealthy snacking pattern' compared with the non-snacking group, adjusting for the same potential confounding factors used in the models described above.
All analyses were performed with the statistical software package STATA version 12·1 and the statistical significance was set at 5 % (P < 0·05, based on two-tailed tests).
Results
We identified 346 new incident cases of MetS (221 in men and 125 in women), among participants initially free of MetS, during a median follow-up of 8·3 years. Thus, the overall cumulative incidence of MetS in this population was 5·0 % (9·5 % for men and 2·8 % for women) and the overall incidence density was 3·1/1000 person-years (6·0/1000 personyears for men and 1·5/1000 person-years for women).
The characteristics of participants according to snacking between main meals are presented in Table 1 . Compared with those who did not snack between main meals, participants with this eating habit were more likely to be younger, women, single and have lower years of university education. Moreover, they were more likely to adopt unhealthier lifestyles because they had lower adherence to the Mediterranean dietary pattern, had higher total energy intake, and consumed less fruits and more sweets per day. These participants also had less alcohol consumption, smoked more, were less physically active, watched more television and more frequently gained at least 1 kg in weight over the last 5 years prior to the study.
Snacking between main meals was associated with a higher risk of MetS development after adjusting for age and sex (RR = 1·46; 95 % CI 1·19, 1·79; P < 0·001; Table 2 ). The strength of this relationship was attenuated, but it remained statistically significant after additionally adjusting for other potential confounding factors (model 2: RR = 1·44; 95 % CI, 1·18, 1·77; P < 0·001; Table 2 ).
We conducted a sensitivity analysis, adjusting our results for potential mediator factors of the relationship between snacking consumption and MetS. Thus, in the third model, we included changes of at least 1 kg in weight over the last 5 years prior to study inception and baseline BMI as potential confounding factors. The strength of the relationship diminished, but it remained statistically significant (model 3: RR = 1·30; 95 % CI 1·06, 1·60; P = 0·012; Table 2 ). Finally, additional adjustment for the other potential mediator factor, total energy intake, also slightly decreased the strength of the association but with only a minor change in the statistical significance (model 4: RR = 1·27; 95 % CI 1·03, 1·57; P = 0·023; Table 2 ).
Snacking between main meals did not independently relate to any individual criterion of MetS ( Table 2) .
We additionally analysed the quality of snacking pattern using the factors obtained in the exploratory factor analysis. Different levels of adherence to a 'healthy snacking pattern' did not differentially exhibit an association with the risk of developing MetS in comparison with the non-snacking group. However, the Table 3 ). 
Discussion
Results from the SUN Project showed that snacking between main meals was associated with a higher risk for developing MetS. Thus, participants with this eating habit had 44 % higher relative risk to be diagnosed as an incident case of MetS during follow-up. Moreover, the increase in risk became even higher (68 % raised risk) if the snacking pattern was unhealthy. By contrast, there was no association when the snacking pattern was healthy. To the best of our knowledge, the present study is the second one prospectively evaluating the relationship between snacking between main meals and MetS. The first longitudinal investigation was the Tehran Lipid and Glucose Study, conducted with 1466 adults in Tehran (Iran). Its findings demonstrated that higher consumption of energy-dense snacks was associated with an elevated risk of MetS after 3-years' follow-up (13) . As in our study, the authors did not use a specific questionnaire to evaluate snack consumption. Initially, they applied a 168-item FFQ to assess typical food intakes. Then, snacks were determined as foods that were not consumed as part of the main daily meals. These procedures were similar to those that we used to create our first exposure variable, but we consider our assessment of snack consumption more reliable to determine if these foods were eaten between main meals, because we used a specific question to appraise this exposure. Moreover, in the Iranian investigation, unlike our study, they considered only 'unhealthy' foods as snacks. We preferred to classify them into 'healthy' or 'unhealthy' snacks in a second step of our analysis, using exploratory factor analysis.
In an Australian cross-sectional study conducted among 5682 adults, snack consumption was independently associated with a higher prevalence of MetS only among women (14) . Here, once again, snack consumption was derived from a full-length FFQ. The exposure variable was created based on a subset of nine food items from the FFQ that represented common snack foods (crackers, sweet biscuits, cakes/pastries, meat pies/pastries/quiches or other, chocolate, flavoured milk, potato chips/crisps, ice cream and hot (fried) chips) according to the Australian Guide to Healthy Eating guidelines. Finally, snack consumption was categorized into two groups based on selfreported daily intake (0-3 servings/d = low; >3 servings/ d = high). This way to assess snack consumption does not differ according to when these foods are eaten, either between main meals or replacing main meals.
We believe that snacking between meals may increase the risk of MetS through increased total energy intake. The participants of our cohort who snacked between main meals had higher total energy intake and had elevated consumption of energy-dense food items such as sweets. Moreover, it has been proposed that snacks between main meals do not generate extra signals of satiety (30) . Thus, snacking may lead to a positive energy balance because it exerts a weaker satiety effect than consumption of the same foods during meals and its energy content is not compensated for at the next meal (10) . Overweight and obesity, especially abdominal obesity, are the result of a chronic positive energy balance (31) which is also related to other MetS individual criteria such as dyslipidaemia, hyperglycaemia and, consequently, hypertension (31, 32) .
In this line of thought, the Tehran Lipid and Glucose Study showed that more than 1510 kJ/d (361 kcal/d) from energy-dense snacks independently increased the occurrence of MetS (13) .
In general, snack consumers have higher energy intake than non-consumers (13, 15, 33) and this phenomenon also was observed in our study as described above. Therefore, total energy intake was not introduced in the multivariable adjusted model in the main analysis, since we considered it an intermediate factor in the relationship studied. Nevertheless, even additionally adjusting for total energy intake and other potential intermediate factors, like changes of at least 1 kg in weight over the last 5 years prior to the study and baseline BMI, the relationship of snacking between main meals and MetS remained statistically significant (RR = 1·27; 95 % CI 1·03, 1·57; P = 0·023).
However, our findings should be interpreted with caution because we considered as main meals breakfast, lunch and dinner; this is likely to be a historical and sociological definition rather than a physiological classification (10) , since to have five meals per day was reported to exert a protective effect against overweight (33) , obesity (33) , dyslipidaemia (34) and MetS traits (33) . In this context, when we evaluated the meaning of the between-meal snacking question among a sub-sample of the cohort, 89 % of participants did not include typical scheduled mid-morning and mid-afternoon meals in their concept of 'snacking' and 85 % of them considered snacking as an unstructured eating event (7) .
As mentioned above, the kind of snack choice also could be important to understand the relationship of snacking and chronic diseases. Individuals can choose for snacking healthy products such as fruit and nuts, or unhealthy products like industrial bakery products and sweets. In a study conducted with 5351 subjects from twenty-two centres in Sweden, snacks were positively related to energy intake. Furthermore, sweet and fatty food groups were associated with snacking and contributed considerably to total energy intake (31) .
To deal with this question, we conducted additional analyses. Our findings suggested that only when snacking is associated with a higher consumption of nutrient-poor and energy-dense foods ('unhealthy snacking pattern') is it related to a higher risk of MetS. This association also remained statistically significant after adjusting for total energy intake (Table 3, model 3) .
A limitation of our study is the self-reported data about snacking between meals. If there is some degree of misclassification, it would probably be non-differential and would bias the association towards the null hypothesis.
Another limitation is that the snacking patterns were developed with the information collected using the generic full-length FFQ and not a specific questionnaire to ascertain the particular foods only consumed as a snack. Our FFQ was previously validated (21) ; however, it inquires about foods consumed in all meals and not only as a usual snack between meals. Therefore, our approach is only a proxy to evaluate probable patterns of snacking, not being discarded the risk of misclassification. On the other hand, we consider that by using the full-length FFQ our findings are reinforced, because, by using the larger number of items of the full-length FFQ, we partly overcome the potential limitation of using only a single item (snacking) as the relevant exposure in our study. In addition, FFQ have previously been used to appraise snacks consumption in other studies which have explored the association between this exposure and MetS (13, 14) .
Moreover, self-reported data were used to assess the MetS components, and this is an acknowledged limitation. However, this information was previously validated in two published sub-studies conducted in our cohort (24, 25) .
Finally, caution is necessary in extrapolating our results to the general population: because the participants of the SUN Project were volunteers, they could be a group of healthconscious individuals, leading to a self-selection bias (35) . On the other hand, the SUN study is composed of university graduates, a population with higher educational level, who are able to provide better quality in their self-reported data. Thus our design is likely to have reduced the degree of misclassification which is inherent to all studies in nutritional epidemiology using self-reported data.
Some other strengths of the present study are its prospective design, the inclusion of a large number of participants, the ability to control for a wide range of potential confounding factors and the long-term follow-up, enabling us to assume a sufficiently large induction period and to avoid or limit reverse causation bias.
Conclusions
In summary, our findings suggest that the population should be encouraged to reduce snacking between main meals as a preventive approach against the incidence of MetS development. This advice should be especially focused on the reduction of snacks with foods that are energy-dense and poor in micronutrients. Further longitudinal studies in the general population should be conducted to confirm this relationship.
